Abstract Interactions between rhythmically moving limbs typically result in attraction to a limited number of coordination modes, which are distinguished in terms of their stability. In addition, the stability of coordination typically decreases with elevations in movement frequency. To gain more insight into the neurophysiological mechanisms underlying these stability characteristics, the effects of phasic voluntary muscle activation onto the movement pattern of the contralateral limb as well as onto the stability of interlimb coordination were examined. This was done in circumstances in which a minimal degree of movement-elicited afferent information was available to mediate the coupling influences. The task involved rhythmic application of isometric torque by one hand, while the other hand was moving rhythmically with unconstrained amplitude. The effects of two levels of applied torque, two coordination patterns (inphase and antiphase), and two movement frequencies were determined, both at the behavioural level (movement kinematics and kinetics) and the neuromuscular level (EMG). The isometric applications of torque clearly influenced the muscle-activation profile and movement pattern of the other limb, affecting both temporal variability and amplitude. Surprisingly, there were no differences between the two coordination patterns or between the tempo conditions. As such, the results did not conform to the Haken-Kelso-Bunz model for rhythmic movement coordination. These data suggest that the archetypal differences in stability of rhythmic bimanual coordination are contingent upon a correspondence between the limbs in terms of their respective tasks. This interpretation is elaborated in terms of the role of sensory feedback and the functional specificity of motor unit recruitment in rhythmic interlimb coordination.
Introduction
Bimanual coordination is characterised by interactions between the limbs (e.g. Kelso et al. 1979; Marteniuk et al. 1984; Von Holst 1938) . As a consequence of these (mutual) influences, the resulting behaviour is attracted to a limited number of stable coordination patterns. For isochronous rhythmic coordination between two limbs, for instance, only the inphase (simultaneous movement in the same direction, resulting in a phase differences of 0°) and antiphase pattern (simultaneous movements in opposite directions, resulting in a phase difference of 180°) can be maintained in a stable fashion without specific training (e.g. Tuller and Kelso 1989; Zanone and Kelso 1992) . Although both patterns can be performed, the inphase pattern is more easily generated than the antiphase pattern (e.g. Baldissera et al. 1982; Cohen 1971) . It has been demonstrated convincingly that this difference in the ease of performance results from the differential stability of these two modes of coordination, with the antiphase pattern being less stable than the inphase pattern. In addition, it has been shown that the stability of the two coordination patterns is inversely related to the frequency of the movements: When starting in the antiphase coordination, a gradual increase in movement frequency induces a sudden unintended transition to the inphase coordination mode (e.g. Kelso 1984; Kelso et al. 1987) .
The empirically identified stability characteristics of isochronous interlimb coordination have been mathematically modelled by means of a potential function that de-scribes the observed dynamics of relative phase (i.e. the phase difference between the two moving limbs; Haken et al. 1985 ). This dynamical model was formulated in abstract terms, without reference to the structural properties of the moving (oscillating) components or the way in which they interact. As a result, the Haken-Kelso-Bunz (or HKB) model could be generalised to a variety of situations, including coordination between different effector systems (e.g. an arm and a leg; Carson et al. 1995; Jeka and Kelso 1995) , between a single limb and environmental stimuli (Byblow et al. 1995; Kelso et al. 1990; Wimmers et al. 1992) , and even between two different persons (Amazeen et al. 1995; Schmidt et al. 1990 ). The fact that the behaviour of systems with rather different structural properties, with respect to both the oscillating components and the way in which they interact, are characterised by the same stability-related phenomena underscores the relevance of modelling the system's dynamics at an abstract level of analysis.
Although the principles of coordination appear to be more general than the systems in which they are embodied, in each specific case the coordination between the moving components has to be instantiated in a neuralmuscular substrate. In the search for an understanding of rhythmic interlimb coordination more in terms of the structural properties of the movement system, a point of departure may be found in the empirically demonstrated variations in stability and the way that these are accounted for by dynamical models (Peper and Beek 1998a; Peper and Beek, 1999) . At the same time, knowledge about the neurophysiological mechanisms involved in stability-related coordination phenomena might guide the derivation and further elaboration of such models.
Neurophysiological bases of interlimb interaction
Several studies suggest that afferent feedback arising from movement assumes an important role in determining the stability of rhythmic interlimb coordination in humans. It has been demonstrated that the passive movement of one limb entrains the phase and frequency of the contralateral limb (deGuzman and Kelso 1991; Gunkel 1962) . In addition, experimenter-induced movement of a third limb produces disruption of the coordination between two actively moving limbs (Swinnen et al. 1995) . On the basis of adaptations to elastic and inertial loads, Baldissera et al. (1991) argued that peripheral signals have an entraining influence, supporting the inphase coordination between the limbs. It was proposed that central "inhibitory action" may be necessary in order to prevent such entrainment.
The influence of peripheral signals, arising from movement, upon the stability of interlimb coordination may be a consequence of the modulations of the excitability of spinal pathways, which have been demonstrated in a variety of rhythmic movement tasks. Inhibition of the H-reflex, for example, is minimal during the phases of movement in which the target muscle is active, and maximal during the phases in which it is inactive (e.g. Brooke et al. 1992; Brooke et al. 1995 ). Yet, the degree of modulation is not simply dependent upon the level of muscle activation required to drive the limb (e.g. Brown and Kukulka 1993; Capaday and Stein 1986; Capaday and Stein 1987; Crenna and Frigo 1987) . Rather, it appears to be attributable to "movement-elicited afference" ) that is mediated primarily by muscle spindles rather than by cutaneous, joint, or pressure receptors (Burke et al. 1984; Cheng et al. 1995) . The degree of inhibition is elevated with increasing velocity of movement , and restriction of movement attenuates markedly the extent of the reflex modulation (e.g. Romanò and Schieppati 1987) .
Recent findings emphasise that in addition to being contingent on the joint angle of the target limb (Brooke et al. 1992 ), the magnitude of the H-reflex is also dependent on the position and frequency of movement of the contralateral limb (Carson et al. 1999; McIlroy et al. 1992) . Although significant modulation of reflex gain appears to require relatively large ranges of motion and angular velocities of the joints , the receptor discharge that arises from even passive rotation of a limb exerts a strong influence upon the reflex pathways on the opposite side. The extent of this contralateral modulation is in turn increased with the velocity of passive rotation (Collins et al. 1993 ), and appears to be related directly to the rate of change of length of the muscles of the moving limb . However, whereas this crossed inhibition is dependent on the movement phase of the other limb when it is actively moving, no such phase dependency is observed when the inhibition is induced by passive motion of the contralateral limb (Cheng et al. 1998 ). The evidence available at present suggests that the modulation is accounted for largely by presynaptic inhibitory mechanisms (see Brooke et al. 1997; Stein 1995) . These findings suggest a possible means by which afferent feedback, arising from specific elements of the somatosensory receptor array during movement, may promote the entrainment of the limbs (Hasan et al. 1985) .
In the context of locomotion, movement-induced modulation of reflex gain is highly adaptive. In particular, the regulation of reflex pathways innervating soleus may serve to ensure that the gain is high during stance, and reduced when the amplitude of leg movement is increased following the initiation of the step cycle. The contralateral component to such modulation has been attributed to the redundancy that is characteristic of the mammalian nervous system . In spite of the phylogenetic separation of function of the upper and lower limbs, a similar phase-dependent modulation of spinal reflex responses can be observed in the wrist flexor (flexor carpi radialis) during rhythmic flexion-extension movements of the ipsilateral foot (Baldissera et al. 1998 ) and during movement of the contralateral wrist (Carson et al. 1999) . The presence of pathways in the upper limb that mediate crossed inhibition suggests the specific means by which afferent feedback, arising from movement-elicited discharge of somatosensory receptors, may mediate interactions between the limbs during bimanual coordination.
Despite the demonstrated role of movement-related afferent feedback in mediating interactions between the limbs, the question remains whether such feedback is essential in generating the prototypical characteristics of interlimb coordination. It has been proposed previously that the loss of stability of asynchronous modes of coordination may be due to an inefficacy of the central specification of muscle activation patterns (Carson 1995) . Studies with deafferented patients (e.g. Teasdale et al. 1994) indicated that interactions between the limbs are also observed in the absence of movement-elicited afferent information. In addition, a clear coupling between a phantom limb and the contralateral limb has been demonstrated in an amputee with subjective experience of movement of the phantom limb (Franz and Ramachandran 1998) .
A possible explanation for the interactions between the limbs that are observed in the absence of afferent feedback, may be found in empirically demonstrated bilateral effects of central activation. Lack of independence in the most distal musculature has been ascribed to a divergence of corticomotoneuronal projections to functionally related motoneurone pools (Buys et al. 1986; Cheney and Fetz 1985) . It has been suggested that patients with overt mirror movements (e.g. Farmer et al. 1989 ) represent an extreme end of a spectrum of contralateral activation due to bilateral projections, that is expressed in varying degrees in all individuals (Chiappa et al. 1991) . Recent studies have demonstrated that responses evoked in the musculature of the hand, by transcranial magnetic stimulation (TMS) of the motor cortex, are facilitated by tonic contraction of homologous muscles of the contralateral limb (Hess et al. 1986; Hess et al. 1987) . Such crossed facilitation could be mediated by intracortical excitation or at the spinal cord level. As it has also been observed in an amputee performing "contractions" of the phantom hand, it is unlikely to be mediated by afferent input from the limb (Hess et al. 1986 ). In addition, several studies have revealed that, in monkeys, in the primary motor cortex (Aizawa et al. 1990; Matsunami and Hamada 1981) , the supplementary motor area (Brinkman and Porter 1979; Tanji et al. 1988) , and the premotor cortex (Gentilucci et al. 1988 ) a number of neurones are specifically engaged in the production of bilateral movements (see also Wiesendanger et al. 1994) . It remains to be established whether, during interlimb coordination, these cells exhibit firing patterns that are related to the phase relations between the limbs.
In a recent investigation, Carson et al. (1999) demonstrated that during rhythmic voluntary oscillations about the left wrist, motor-evoked potentials recorded from the (quiescent) muscles of the right forearm were potentiated relative to resting control conditions. Furthermore, the magnitudes of the evoked responses were modulated strongly during the cycle of movement of the contralateral (left) hand. In particular, the responses were larger during the movement phases that involved activation of the homologous muscles in the left forearm. In contrast, during passive movements of the left wrist, both H-reflex responses and motor-evoked potentials, recorded from the muscles of the right forearm, were inhibited relative to resting control conditions. These data suggest that the phase-dependent potentiation of the corticospinal volley, that resulted from active movement of the opposite limb, was not simply mediated by afferent feedback arising from the movement. Rather, the potentiation appears to be brought about by a contralateral component of the descending input to the spinal cord. Given the phase dependency of the potentiation, it is possible that it may have a disruptive influence on the stability of asynchronous patterns of interlimb coordination.
Neurophysiological aspects of pattern stability?
In sum, there are a number of neurophysiological mechanisms that may mediate interactions between the limbs during rhythmic coordination. The question remains, however, as to which of these are essential in generating the observed stability characteristics? This issue is underscored by a recent demonstration that the relative stability of the inphase and antiphase modes of coordination is preserved in isometric bimanual contractions (Carson 1995) . During isometric contractions, the integration of sensory information from peripheral receptors is likely to be quite different from that which occurs when contractions are accompanied by substantial changes in muscle length. Golgi tendon organs are thought to assume an important role in signalling variations in contractile force (e.g. Rothwell 1994) , and cutaneous, joint, and pressure receptors may also provide information during contractions of this kind. It is likely however, that during isometric contractions, discharge from the primary stretch receptors of the muscle spindles is quite different from that which occurs during shortening contractions. The differential stability of the inphase and antiphase modes of coordination, and the associated observation that pattern stability decreased with increases in movement frequency, seem to suggest that these stability-related phenomena do not depend critically on afferent signals arising from displacement of the limbs. 1 The correspondence between the results obtained for the coordination between isometric contractions and those typically observed for rhythmically moving limbs may indicate that also in the latter situation movementelicited sensory information is not essential in establishing the usual stability characteristics. This possibility was addressed in the present experiment, which examined the manner in which phasic voluntary muscle activation affects the movement pattern of the contralateral limb in circumstances in which a minimal degree of movement-dependent afferent information is available to mediate such interactions. This was achieved in the context of an asymmetric task, in which one hand performed isometric contractions, while the other hand moved rhythmically with unconstrained amplitude. Cohen (1970) demonstrated that the rapid application of an isometric wrist flexion torque has a marked influence on alternating movements of the contralateral limb. This effect was similar to that resulting from an active (flexion) displacement about the wrist. The present experiment focused on possible coupling effects resulting from rhythmic isometric contractions applied by one hand, on the patterns of movement generated by the contralateral hand, and on the stability of coordination between the hands. As there was essentially no displacement of the "isometric hand", it was unlikely that its influence on the "dynamic hand" could be mediated by the integration of movement-dependent afferent feedback.
The purposes of the experiment were mainly exploratory. In order to examine the effect of the level of muscle activation on the movement pattern of the opposite limb, participants were required to generate two distinct levels of isometric torque. We also examined both inphase and antiphase patterns of coordination. Given the correspondence between Carson's (1995) results and the predictions of the HKB model, it was anticipated that the antiphase coordination pattern would be less stable than the inphase pattern. In addition, by having participants perform at two different frequencies, we were able to examine whether, in line with the HKB model and the empirical results of Carson (1995) , pattern stability was affected by the tempo of performance. Although this manipulation was not expected to result in unintended transitions from antiphase to inphase coordination, the stability of performance of both coordination patterns was predicted to be lower at the higher frequency of performance (cf. Haken et al. 1985; Sternad et al. 1995) . Both movement kinematics and joint kinetics [frequency and amplitude and their coefficients of variation (CV)] and electromyographic (EMG) activity [variability in timing of the onsets of EMG bursts in flexor carpi radialis (FCR) and extensor carpi radialis (ECR) as well as the amplitudes of the EMG] were examined. As the study focused on the coupling between the limbs, bimanual performance was compared with unimanual control trials. Although not of primary interest, the coupling influences of the dynamic limb onto the isometric limb were also examined in this fashion. In addition, the stability of the coordination between the two limbs was determined, both at the behavioural level and at the neuromuscular level.
Materials and methods

Subjects
Six self-professed right-handed subjects (two females and four males), aged 21 to 41, volunteered to participate in this experiment. They gave informed consent to the procedures, which were approved by The University of Queensland medical ethics committee.
Apparatus
Subjects were seated at a table with each forearm supported and secured in a neutral position (i.e. ulnar side down) by an adjustable brace (see Fig. 1 ). The elbows were semi-flexed (100°to 120°). Angular displacements (dynamic hand) and torques (isometric hand), generated at the wrist, were transduced using custom built manipulanda. Shafts located coaxially with the centres of rotation of the wrists were instrumented with either strain gauges (isometric hand) or a potentiometer (dynamic hand). The hands were fixed securely to these shafts at the mid palm, obviating the activation of the long finger flexor muscles arising from formation of a grasp. During isometric contractions, the shaft was fixed in place, with the wrist in a neutral position. Thus, torques were transmitted to the manipulandum via the palmar and dorsal surfaces of the hand. Periodic auditory pacing signals (two per movement cycle) were presented via two loudspeakers positioned in front of the subjects. These signals [50 ms square waves (500 Hz and 1000 Hz)] were generated by a custom I/O board mounted in a microcomputer.
Electromyographic recordings
The EMG activity of the flexor carpi radialis (FCR) and extensor carpi radialis (ECR) muscles was recorded using Ag-AgCl surface electrodes, following standard skin preparation, at locations identified by electrical stimulation as the motor points. The EMG electrodes were connected to an AC preamplifier, the output of which was fed to an AC conditioning amplifier (32 Hz to 3.2 kHz). EMG signals were digitised at an analog-to-digital interface (DataQ) at a sampling rate of 1000 Hz and stored on a microcomputer. Maximum m-wave recordings Maximum m-waves were elicited in FCR by stimulating the median nerve at the cubital space, and in ECR by stimulating the radial nerve in the spiral groove. Stimuli (1-ms square wave) were generated by an isolated constant-current stimulator (Grass S48) and delivered transcutaneously via a bipolar electrode. Supramaximal stimulus intensity was determined prior to each test trial by increasing the voltage until there was no further increase in twitch amplitude. During each test trial (conducted separately for each target muscle), eight stimuli were applied at random intervals during a 64-s period. Stimuli were separated on average by 8 s.
Procedure
The subjects performed isometric contractions with one hand and dynamic movements with the other hand. Possible laterality effects were avoided by counterbalancing the left-right assignation across the subjects, i.e. three subjects (one female and two males) performed isometric contractions with the left hand, whereas the other three subjects (one female and two males) used the right hand for these contractions. In performing isometric contractions, subjects were required to generate one of two different levels of force. These were defined as a comfort force level and a distinctly higher level of force that could be reliably reproduced. In performing dynamic movements, no constraints on amplitude were imposed. The experiment comprised both unimanual and bimanual trials. During the unimanual trials, subjects were instructed to generate either rhythmic movements or isometric contractions at one of two frequencies (1.0 Hz or 1.4 Hz) prescribed by the auditory metronome, or to perform these activities at a self-selected preferred frequency. During the isometric unimanual trials, these tempo requirements were combined with either a comfort or a high level of force. Nine separate unimanual conditions (three dynamic and six isometric) were thus obtained. At the start of the experiment, three trials were performed in each of the unimanual conditions. The order of presentation of these trials was randomised. Two additional trials for each unimanual condition were performed, also in random order, at the end of the experiment, following the completion of the bimanual trials.
During the bimanual trials, subjects were required to coordinate the periodic applications of torque by the isometric hand with the movements of the dynamic hand. Eight experimental conditions were examined, consisting of all combinations of the two force levels designated for the contractions in the isometric limb (comfort and high force), two movement frequencies (1.0 Hz and 1.4 Hz), and two coordination patterns (inphase and antiphase). In the inphase mode, the peak application of torque by the isometric hand in the direction of wrist flexion was required to be coincident with the peak displacement of the dynamic hand in the direction of wrist flexion. In the antiphase mode, the peak application of torque by the isometric hand in the direction of wrist flexion was required to be coincident with the peak displacement of the dynamic hand in the direction of wrist extension, and vice versa. Five trials, presented in random order, were conducted for each condition. The duration of all experimental trials was 30 s.
Data reduction
Kinematic and kinetic recordings
Kinematic (dynamic hand) and kinetic (isometric hand) data were low-pass filtered using a second-order Butterworth dual-pass filter with a cut-off frequency of 20 Hz. The time and magnitude of the maximum (flexion) and minimum (extension) angular displacements and applications of force, during each cycle, were delineated using a custom peak-picking algorithm. Discrete estimates of frequency and of amplitude (defined as the difference between the magnitudes of adjacent maxima and minima) were thus obtained.
Indices of mean frequency and mean amplitude of generated torque and/or angular displacement, as well as the corresponding CVs were calculated for all trials.
For the bimanual trials, discrete estimates of the relative phase relation (in degrees) between the peak force (isometric hand) and peak displacement (dynamic hand) in the direction of wrist flexion, were derived in the following fashion (e.g. Carson 1995):
( 1) where t refers to the moment in time at which a given peak was attained, and n and n+1 refer to the indices of the two peaks, as obtained for the isometric hand, between which the mth peak of the dynamic hand was situated in time. 2 The mean direction of relative phase, which is a measure of central tendency, and uniformity, which is a measure of the dispersion of relative phase, were calculated following Mardia (1972) . Uniformity takes values in the range of 0 to 1, and is the directional equivalent of the inverse of the ordinary sample standard deviation. When transformed to the range of 0 to ∞ (Mardia 1972) , it permits the use of tests based on standard normal theory. Whereas all inferential tests were conducted using this transformed uniformity measure, the more informative untransformed uniformity values (range 0 to 1) are presented in the text.
Electromyographic recordings EMG time series were filtered at 500 Hz, and full-wave rectified. The EMG amplitudes obtained for each muscle in the experimental trials, were normalised with respect to the corresponding supramaximal twitch amplitudes obtained during the maximum m-wave trials. The period of each movement cycle was divided into eight phases of equal duration. The root mean squared (RMS) amplitude of the full-wave rectified EMG was calculated for each of these phases. The values obtained from all cycles within a single trial were averaged.
In order to establish the onsets and offsets of EMG bursts, a linear envelope was first created through the application of a lowpass digital filter (second-order Butterworth, dual-pass, cut-off 2 Hz). These time series were then differentiated using a fifth-order central-difference algorithm. A custom peak-picking routine was applied to the resulting "velocity" profiles in order to delineate points corresponding to the maximum and minimum rates of change of activity for each EMG burst . The regions defined on this basis were then used to obtain estimates of the mean amplitude and variability of background EMG activity in the original rectified EMG time series. Criterion deviations (≥3×SD) from background levels were subsequently used to define EMG-burst onsets and offsets.
Having obtained estimates of the time of onset of each EMG burst for FCR and ECR, discrete estimates of mean frequency and the corresponding CVs were calculated. For bimanual trials, discrete estimates of the relative phase relation between the onset of EMG activity in the isometric and the dynamic limb were calculated for each homologous muscle pair (i.e. rFCR and lFCR; rECR and lECR), in the manner described above for the kinematic and kinetic recordings.
Inferential analyses
In order to restrict the analyses to those that have theoretical significance, the inferential statistics that are reported relate to the outcomes of planned comparisons of means, based on repeated measures analysis of variance (ANOVA) models. In performing these analyses, corrections for multiple comparisons (modified Bonferroni test) were conducted as appropriate (when the number of com-421 2 It should be noted that the thus obtained point estimates of relative phase are subject to small inaccuracies in cases in which the oscillatory pattern is not fully harmonic.
parisons exceeded the associated degrees of freedom), following Keppel (1991) . In specific cases confidence intervals are also presented. In order to assist in the interpretation of the statistical significance of the observed effects, measures of effect size were calculated following Cohen (1969) . The effect size index for ANOVA (f) is a dimensionless index which describes the degree of departure from no effect, in other words, the degree to which the phenomenon is manifested. A small effect size is considered by convention to be indicated by an f of 0.1, a medium effect size by an f of 0.25, and a large effect size by an f of 0.4 (Cohen 1969) .
Results
Task performance
On the basis of the experimenters' observations and subjects' self-reports, it was evident that subjects experienced little difficulty in generating two distinct levels of torque, and in sustaining either level of torque throughout the duration of an experimental trial. As the two torque levels were not fully prescribed, the generated levels of torque were examined separately for each subject. Table 1 presents the mean values and 99% confidence intervals for each subject, for both the unimanual and bimanual conditions. It was also established that the two tempo requirements (1.0 Hz and 1.4 Hz) were adequately achieved (Table 2) . Table 3 , which presents the mean direction of relative phase and the corresponding 99% confidence interval for each bimanual condition, shows that the subjects had adhered to the primary requirements of the bimanual task, that is, the production of the prescribed inphase (0°) and antiphase (180°) modes of coordination. There was a persistent tendency for the peak application of torque by the isometric hand to precede the peak displacement of the dynamic hand in time. This was not an unanticipated outcome, given the distinct dynamics associated with the two tasks. The magnitude of this effect, however, was not influenced in a marked fashion by the manipulations of force or frequency.
Timing and amplitude of joint displacements
Typical examples of the movement patterns of the dynamic hand, and the torque profiles of the isometric hand, as well as the corresponding EMG profiles are presented in Figs. 2 and 3 . The characteristics of the motion of the dynamic hand were assessed in terms of the frequency and amplitude of movement, and the CVs of these variables. The actual frequency of movement was determined only by the prescribed frequency (cf. Table 2 ). In the bimanual conditions, the variability of timing was larger in the slow tempo conditions than in the fast conditions [mean CVs being 5.7% and 4.2%, respectively; F(1, 5)=30. 41, P<0.01, f=0.80] . No such difference was observed when the standard deviation (SD) of frequency was used as the index of temporal variabili- The amplitude of movement of the dynamic hand was influenced strongly by the context in which the hand was moving (see Fig. 4 ). In each of the eight bimanual conditions, the movement amplitude was smaller than when the hand was moving in isolation; F(1, 45) ranging from 9.2 to 38.5, P <0.05 to 0.0001, f=0.88 to 1.79. In addition, the amplitudes of the movements were greater when the isometric hand was applying high levels of joint torque, than when comfort levels of torque were applied. The outcomes Fig. 2 Simultaneous EMG recordings from the right (rFCR) and left (lFCR) flexor carpi radialis muscles, and from the right (rECR) and left (lECR) extensor carpi radialis muscles. The corresponding kinematic and kinetic profiles are also presented. The panels on the left represent an antiphase trial conducted at a pacing frequency of 1.4 Hz, in which a comfort level of force was applied by the right (isometric) hand. The panels on the right represent an antiphase trial conducted at a pacing frequency of 1.4 Hz, in which a high level of force was applied by the right (isometric) hand. The data records, which were obtained for the same subject, are shown for a 10-s epoch. EMG electromyographic Fig. 3 Simultaneous EMG recordings from the right (rFCR) and left (lFCR) flexor carpi radialis muscles, and from the right (rECR) and left (lECR) extensor carpi radialis muscles. The corresponding kinematic and kinetic profiles are also presented. The panels on the left represent an inphase trial conducted at a pacing frequency of 1.0 Hz. The panels on the right represent an inphase trial conducted at a pacing frequency of 1.4 Hz. In both cases, a high level of force was applied by the right (isometric) hand. The data records, which were obtained for the same subject, are shown for a 10-s epoch. EMG electromyographic Fig. 5 Mean torque amplitudes of the isometric hand as obtained for each tempo-force condition, presented for unimanual performance and for the two bimanual coordination modes of planned comparisons of means conducted for the two coordination modes and for the two frequency conditions, indicated that this effect was present in both the inphase and antiphase modes of bimanual coordination, as well as in the two tempo conditions [cf. Fig. 4 ; F(1, 5) ranging from 23.9 to 64.7, P<0.005 to 0.0005, f=1.00 to 1.64]. Variability in the amplitude of oscillation, as indexed by the CV, was smaller during unimanual performance (overall mean of 6.0%) than in either bimanual coordination mode (overall means being 10.5% and 8.9% for inphase and antiphase coordination, respectively), as was determined by comparing the eight bimanual conditions with the corresponding unimanual conditions; F(1, 45) ranging from 5.2 to 28.3, P<0.05 to 0.0001, f=0.66 to 1.54. In addition, the difference observed between the inphase and antiphase modes of coordination in this respect was statistically reliable; F(1, 5)=8.3, P<0.05, f=0.42.
Timing and amplitude of joint torques
The characteristics of the torque applied by the isometric hand were assessed in terms of the torque amplitude and frequency and the CVs of both variables. The frequency of torque application was determined only by the prescribed frequency (cf. Table 2 ). As anticipated, the target level of torque (i.e. comfort or high force) determined the actual level of applied torque (cf. Table 1 ). This variable was not influenced by the other experimental conditions: Torque amplitude was essentially equivalent in the unimanual and bimanual conditions, in the inphase and antiphase modes of bimanual coordination, and in the two tempo conditions (cf. Fig. 5 ).
In the unimanual conditions, the CV of torque amplitude was significantly larger for the comfort torque level than for the high torque level [on average 11.3% and 8.1%, respectively; F(1, 5)=6.91, P<0.05, f=0.44]. Furthermore, when paced at the slow tempo (1.0 Hz), the CV of torque amplitude was smaller in the unimanual trials (9.0%) than in either the inphase (11.1%) or antiphase (11.5%) modes of coordination; F(1, 10)=6.4, P<0.038 3 , f=0.52 and F(1, 10)=9.3, P<0.038, f=0.62, also resulted in smaller values of respectively. The slow tempo conditions also resulted in smaller values of the CV of the frequency of torque application in the unimanual conditions (4.6%) than in the inphase mode of coordination (5.5%); F(1, 10)=6.8, P<0.038, f=0.54. During bimanual coordination, the temporal variability of performance was greater in the slow conditions than in the fast conditions (5.4% and 4.3%, respectively); F(1, 5)=7.5, P<0.05, f=0.40. Note that these conditions did not differ with regard to the SD of frequency.
Amplitude of electromyographic activity Fig. 6 portrays the RMS amplitude of EMG activity recorded from the ECR and FCR muscles of the isometric limb during the eight phases of the movement cycle. Activity in both muscles was modulated markedly during the movement cycle. The ECR muscle was engaged primarily during phases 2, 3, 4, and 5. FCR was engaged in a reciprocal fashion, primarily during phases 6, 7, and 8. In accordance with our expectations, the amplitude of EMG recorded during the active phases of both muscles of the isometric limb was substantially greater when high levels of force were applied than when comfort levels of force were produced [see also Fig. 7 , panels A and B; ECR: F(1, 5)=21. 32, P<0.01, f=0.19; FCR: F(1, 5)=12.02, P<0.01, f=0.14] . In contrast, the frequency with which force was to be applied did not have a significant influence on the level of EMG activity recorded from the muscles of the isometric limb. The mode of coordination (unimanual, antiphase, inphase) had no consistent impact on the level of EMG activity (cf. Fig. 7 ).
The EMG activity obtained from the dynamic limb showed a similar modulation over the movement cycle (see Fig. 8 ). The amplitude of the EMG activity recorded from the muscles of this limb, however, was influenced significantly by the activity of the other limb (see Fig. 7 , panels C and D). There was greater muscle activation when the hand was moving in isolation than when its movements were coordinated with applications of force by the isometric hand [ECR: F(1, 45)=50.20, P<0.01, f=0.40; FCR: F(1, 45)=25.12, P<0.01, f=0.29] . In addition, the outcomes of planned comparisons of means indicated that, in both the inphase and antiphase modes of bimanual coordination, the level of force applied by the isometric hand had a marked and consistent impact on the level of EMG activity recorded from the muscles of the dynamic limb (see Table 4 ). When a higher level of force was applied by the isometric limb, greater levels of EMG activity were obtained for the dy- namic limb than in the comfort force conditions (cf. Fig.  7 ). On initial inspection, it appeared that this effect was expressed reliably for the ECR muscle at both pacing frequencies, whereas for the FCR muscle it occurred only when performance was paced at a frequency of 1.4 Hz (cf. Table 4 ). When the analyses were restricted to the phases of the movement during which the FCR muscle was primarily active (phases 6, 7, and 8), however, reliable differences between the comfort and high force conditions were also obtained for inphase coordination paced at 1. 
Variability in the timing of electromyographic activity
For the unimanual performance of either limb, no statistically significant effects of tempo or force level on the variability of the timing of EMG burst onsets were obtained. During bimanual performance, however, the dynamic limb showed larger variability in the timing of EMG onsets in the slow tempo condition than in the fast condition [see P<0.038, f=0.49] . In the bimanual conditions, the timing of the EMG onsets of the muscles of the dynamic limb was significantly more variable than that of the muscles of the isometric limb, in both modes of coordination, at both levels of torque, and for the slow tempo condition [see Table 5 ; F(1, 5) ranging from 15.5 to 213.4, P<0.025 to 0.0001, f=0.40 to 1.49].
Interlimb coordination
The effects of the experimental manipulations on the variability of relative phase, an index of pattern stability, were examined both at the behavioural level and at the neuromuscular level (see Fig. 9 ). At the behavioural level, no statistically significant effects were observed. Reliable differences were also not expressed in the coordination of the ECR muscles. For the FCR muscles, however, the uniformity of relative phase was lower (indicating greater variability) during performance in the slow tempo condition than in the fast condition [see Fig. 9C ; P<0.01, f=0.64] . The inphase and antiphase modes of coordination were not distinguished in terms of their stability, when assessed at either the behavioural or the neuromuscular levels of observation.
Discussion
The current experiment was designed to examine the influence of rhythmic voluntary activation of the muscles of one limb on the movement patterns of the contralateral limb. Contractions of the muscles of the former (isometric) limb were performed with the hand in a fixed position. It was reasoned that this manipulation would alter the integration of somatosensory feedback from this limb relative to circumstances in which movement amplitude was unconstrained. Inspired by previous studies and a dynamical model of isochronous rhythmic interlimb coordination (the HKB model), the effects of tempo, coordination mode, and different levels of voluntary activation on the stability of coordination between the two limbs were also examined. The results are discussed in the light of previous studies, and with regard to the neurophysiological mechanisms that may underpin the stability of bimanual coordination.
The effects of different levels of voluntary activation on contralateral movement amplitude In correspondence with the task instructions, the level of torque applied by the isometric hand was equivalent in the unimanual and bimanual conditions. The amplitude of movement of the dynamic hand, however, was reduced markedly in the coupled (bimanual) conditions, relative to circumstances in which the hand moved in isolation. In addition, it was significantly affected by the level of torque applied by the contralateral hand. When subjects applied a high level of torque with the isometric hand, the associated movements of the freely moving hand were of a larger amplitude than when a lower (comfort) level of torque was applied. These observations are consistent with those reported by Walter and Swinnen (1990) for a bimanual task that required the coordination of a three-segment reversal movement of the right arm, with a smooth unidirectional movement of the left arm. Manipulation of the level of torque necessary to produce the reversal movement, resulted in systematic alterations in the acceleration profile of the unidirectional movement produced by the contralateral arm. In contrast, manipulation of the duration of the reversal movement, independently of the required torque, failed to have an impact on the kinematic trajectory of the contralateral limb. Similarly, in the present study, the frequency with which torque was applied by the isometric limb did not influence the effect of the level of torque on the amplitude of the movements of the dynamic limb. Directly corresponding outcomes were obtained at the neuromuscular level of observation. The amplitude of EMG activity recorded during unimanual movements of the dynamic limb was greater than that present during movements made in a bimanual context. Furthermore, when subjects were required to produce a high level of torque with the isometric hand, there was greater EMG activity than in the comfort condition, not only in the muscles of the isometric limb, but also in the muscles of the unconstrained (dynamic) contralateral limb. These results suggest that the variations in movement amplitude observed for the unconstrained limb resulted from changes in the net excitability of the motoneurone pools, rather than from, for example, alterations in the degree of cocontraction of the muscles that flex and extend the wrist.
The effects of different levels of voluntary activation on movement variability
In the present study, the level of torque generated by the isometric hand had a restricted impact on the variability of movement of the unconstrained contralateral limb, as assessed at both the behavioural and neuromuscular levels of observation. Although the variability of the amplitude of oscillation was smaller during single limb movements than during bimanual movements, in the latter conditions there was no additional effect attributable to the level of applied torque. At the lower pacing frequency, the temporal variability of the dynamic hand was greater when high levels of torque were applied by the isometric hand than during the unimanual control trials. This effect did not simply reflect the variability in the frequency with which torque was applied by the contralateral (isometric) limb, which was equivalent in both force conditions. The fact that the generated force level affected the temporal variability in both hands supports the suggestion that in case the control of force amplitude and timing involves relatively independent processes, possibly involving different neural systems (Franz et al. 1996; Ivry and Corcos 1993; Lundy-Ekman et al. 1991) , they are integrated during the production of movement (Keele et al. 1987) .
Whereas the level of applied force affected the temporal variability of the dynamic limb, the variability of the temporal relation between the limbs (relative phase) for either of the two bimanual coordination patterns (inphase and antiphase) was not influenced significantly. This indicated that although the level of voluntary activation had clear effects on the movements of the contralateral hand (viz. the effects obtained for the amplitudes of oscillation of the moving hand as well as that observed for its temporal variability), these effects did not influence the stability of interlimb coordination.
The influence of tempo and mode on the stability of coordination During performance at the slower tempo, in combination with the higher force level, the variability of timing was larger during bimanual movements than during the unimanual control trials. 4 There was no effect of tempo, however, on the stability of interlimb coordination (as indexed by the uniformity of relative phase), when assessed at the behavioural level. This is a remarkable finding, as it indicates that, at this level of analysis, no differences in pattern stability were induced by the manipulation of movement tempo. Although the results of previous experiments, in which frequency of performance was gradually scaled, suggest that variability of relative phase is different for the two pacing frequencies used in the present study (e.g. Carson 1995; Jeka and Kelso 1995; Peper and Beek 1998b) , it is possible that in the current context the change in frequency (0.4 Hz) was too small to lead to significant differences in pattern stability. Although, at present, we cannot exclude this possibility, it should be noted that at the neuromuscular level (FCR) the stability of interlimb coordination was lower in the slow tempo conditions than in the fast conditions. This indicates that pattern stability was positively related to movement frequency, a finding that is directly opposite to the relation predicted by the HKB model.
The values of uniformity obtained at the behavioural level were high (cf. Fig. 9A ) indicating rather stable performance of both coordination patterns (cf. Carson 1995; Peper and Beek 1998b) . At the neuromuscular level the corresponding values were somewhat lower (cf. Fig. 9B,  C) . As the variability in the timing of the EMG onsets in individual muscles was larger in the slow tempo conditions than in the fast conditions, it is possible that the changes in the variability of interlimb coordination that occurred as a function of tempo were attributable to speed-sensitive variations in the activation profiles of individual EMG bursts (e.g. Gottlieb et al. 1989) .
No overall differences in pattern stability between the two coordination modes were observed. This finding is in sharp contrast with many previous studies, in which (in a manner consistent with the HKB model) the antiphase pattern has been observed to be less stable than the inphase pattern, even at relatively low pacing frequencies equivalent to those employed in the present experiment (e.g. Amazeen et al. 1995; Amazeen et al. 1996; Sternad et al. 1996 ; see also Kelso et al. 1987) . The absence of differences in stability between the two coordination modes and between the two tempo conditions indicates that the present results are not in agreement with the HKB model of rhythmic interlimb coordination. Although some caution is required in interpreting the lack of difference between the tempo conditions, as only a limited range of frequencies were examined, our inter-428 pretation of the results obtained for the two coordination modes carries no such caveat. The deviations from the commonly observed stability characteristics that were found in the current context may provide some indications of the neurophysiological origins of stability and instability in rhythmic interlimb coordination.
Possible neurophysiological aspects of modulations of pattern stability
In the present study there was significant interaction between the limbs, as indicated by the influence of the activity of the isometric limb upon the muscle activation profile and the movement pattern of the dynamic limb. Yet the two modes of bimanual coordination (inphase and antiphase) were not distinguished in terms of their stability, and an inverse relationship between movement frequency and pattern stability was not observed. These findings indicate that the stability characteristics of rhythmic bimanual coordination are contingent on the task context. Interestingly, the present results were clearly different from those obtained for the coordination between two actively moving limbs (e.g. Haken et al. 1985) as well as from those obtained when both limbs were engaged in isometric applications of torque (Carson 1995 ). It appears, therefore, that the absence of the prototypical stability characteristics in the present study was due to the imposed asymmetry with respect to the task requirements.
In modelling rhythmic interlimb coordination, such differences in the stability characteristics resulting from specific influences associated with the task performance will have to be considered. For instance, the coordination dynamics that typically results from the interactions between two actively moving limbs was recently accounted for by a central pattern generator model proposed by Grossberg et al. (1997) . In this model the stability-related phenomena (i.e. differential stability and frequency-induced transitions) were understood on the basis of a pattern generator that was shown to produce a temporal activation pattern similar to the empirically observed time evolution of the phase relation between the limbs. The current results indicate that this model cannot be directly generalised to situations in which the tasks assigned to the two limbs are not equivalent. To this end, the influences of particular task-specific aspects of the coordination will have to be incorporated. This might entail, for instance, motivated adjustments in parameter settings, or the inclusion of additional model components and interactions. With respect to the HKB model it may be argued that, instead of accounting for the current results at the level of the potential function, considering the specific consequences for the associated system of coupled oscillators is more likely to lead to new insights into the underlying coordination principles. Studying the way in which distinct neurophysiological mechanisms affect the stability of coordination may provide vital information for establishing which aspects of task performance are essential in this regard. 429 A number of neurophysiological mechanisms may account for the differences between the behavioural dynamics observed in the current study, and those present when both limbs are free to move or when both are performing rhythmic isometric contractions. These mechanisms are not mutually exclusive, and may even be interdependent. One possibility is that, in isometric contractions and dynamic movements, different roles may be afforded to mechanisms that regulate the gain of transmission of segmental inputs to the motoneurone pool. Another possible explanation may be found in asymmetries in the recruitment of motor units. In the remainder of this section these possibilities will be discussed. In each case, consideration will be given to the manner in which the operation of such mechanisms may constrain the nature of the interaction between the limbs.
As has been argued in the Introduction, it is now clear that the movement of a single limb segment may lead to modification of the excitability of the contralateral Ia spinal reflex pathway (Carson et al. 1999; McIlroy et al. 1992) . The extent of this contralateral influence increases with the velocity of movement (Collins et al. 1993) . It has been proposed that entrainment tendencies mediated by peripheral input arising from movement, may provide a means by which limbs that are initially moving out of phase become synchronised (Carson and Riek 1998; Hasan et al. 1985) . During voluntary movements, the spinal circuitry is responsible for the integration of descending and peripheral inputs. The impaired performance customarily associated with less stable modes of coordination (e.g. antiphase coordination) may arise because the motor commands from higher centres are not able to compensate sufficiently for entrainment in spinal motor circuits that results from movement-elicited afference from the contralateral limb (e.g. Baldissera et al. 1991; Carson et al. 1999) .
During voluntary contractions there is parallel and orderly recruitment of both skeletomotor neurones and fusiomotor neurones (e.g. Burke et al. 1978) . Such α-γ coactivation assumes a highly functional role during shortening contractions, by providing spindle endings with a background discharge sufficient to permit compensation for irregularities in the ongoing movement. During isometric contractions, however, the descending drive to fusiomotor neurones, which is not accompanied by unloading of the spindle and results in augmented spindle afferent discharge, can be maladaptive. In these circumstances presynaptic inhibition of the Ia afferents may serve to prevent motoneurones from being reflexly activated by spindle discharge (Schieppati 1992) . Evidence in support of this position is provided by the observation of a parallel reduction in the size of motor-evoked potentials and H-reflexes during isometric contractions, relative to those elicited during shortening contractions (Abbruzzese et al. 1994) . These data suggest the presence of spinal mechanisms that modulate the gain of transmission to the motoneurone pool (via both afferent and descending pathways) differentially during isometric and shortening contractions (Abbruzzese et al. 1994) . It also appears likely, therefore, that the gain of transmission of peripheral input from the contralateral limb, when it is moving dynamically, will be distinct from that which occurs when the opposite limb is engaged in isometric contractions. Accordingly, the current results may suggest that the normally defining stability characteristics of bimanual coordination are contingent upon a correspondence between the limbs, in terms of the manner in which sensory feedback is integrated to produce taskspecific muscle-activation patterns.
It is not necessary to conclude, however, that differences between dynamic movements and isometric contractions, in terms of the integration of afferent input, are mediated only by the spinal circuitry. Indeed, on the basis of recordings of regional cerebral blood flow during active and passive movements, it appears that the activation of the higher centres during motor tasks is largely related to the processing of afferent information arising from movement (Weiller et al. 1996) . Comparison of stretch reflex responses elicited during tasks in which subjects are required to maintain position against a changing force with those elicited during tasks in which subjects are required to maintain force against a changing position, demonstrated that in particular the late components of the reflex were greater in the former situation (Doemges and Rack 1992a; Doemges and Rack 1992b) . In circumstances in which a constant level of EMG was maintained across tasks, the late components of the stretch reflex were found to be larger during shortening contractions than during isometric contractions (Nakazawa et al. 1997) . It has been proposed that such task dependencies arise from differences in the gating of afferent information (Dietz et al. 1994; cf. Schieppati 1992) . In a similar vein, it seems likely that muscle spindle discharge is the initiating source for the modulation of somatosensory-evoked potentials that arises as a consequence of movement of both the ipsilateral and the contralateral limb . The gain of transmission of this information, via ascending pathways, is influenced profoundly by the task context . If the specific pathways to and from the higher centres, that are gated during isometric contractions, are distinct from those that are regulated during dynamic movements, there may be relatively little potential for contralateral influences upon homologous pathways to be expressed in the combination of these tasks.
It is also possible that the absence of a difference in stability between the coordination patterns was contingent upon task-related variations in the recruitment of motor units. It is well known that the recruitment levels and firing frequencies of motor units are different in isometric and in shortening contractions (Tax et al. 1989; Tax et al. 1990 ). Such differences are also observed when individuals are required to produce either sinusoidal isometric contractions or sinusoidal movements (Van Bolhuis et al. 1997 ). Can such organisational form be related to the current results? There are linkages between homotopic sites at multiple levels within the central nervous system, that mediate contralateral influences upon motor pathways. It is clear that, during bimanual coordination, the coupling between the limbs is accentuated when homologous muscles are co-activated (Riek et al. 1992) . The current results may tentatively suggest that the degree of interaction between the limbs is enhanced when the subpopulations of motor units in each limb that are recruited in order to perform a specific task (e.g. an isometric contraction vs a dynamic movement) are equivalent.
In summary, the present results suggest that the interactions between the limbs, during bimanual coordination, are influenced profoundly by the task context. In particular, defining characteristics of rhythmic bimanual coordination, such as the differential stability of inphase and antiphase modes, and an inverse relationship between movement frequency and pattern stability, appear to be contingent upon a correspondence between the limbs in terms of task. Our interpretation of these results highlighted both the possible role of sensory information from the moving limb in 'normal' (i.e. functionally symmetric) interlimb coordination, and the functional specificity of motor unit recruitment patterns. On the basis of the present results we cannot establish the relative contributions of the proposed neurophysiological mechanisms to the coordination dynamics. In fact, follow-up research is required to determine whether they are indeed essential in this regard. Nevertheless, the present study illustrates how the abstract coordination dynamics (which directs our attention to the stability and instability of coordination patterns) may provide an entry point for the identification of the neural systems that are involved in the coordination between the limbs during rhythmic movements. At the same time, the present findings accentuate the importance of 'unpacking' the HKB potential into a system of coupled oscillators, which corresponds in a more direct manner to established characteristics of the neuromuscular system (cf. Peper and Beek 1998b; Peper and Beek 1999) .
